In this work, the unique spatial energy compression phenomenon of uni-antenna frequency diverse system based on the unsteady coherent interference is explored comprehensively. By compressing the element spacing of linear frequency diverse array (FDA) to near-zero, the decoupling of angle dimension is significantly achieved from the conventional range-angle-dependent beampattern. Inspired by the evershrinking element spacing, the concept of uni-antenna frequency diverse system is firstly proposed. The relations between a series of parameters (i.e. the number of diversity, frequency offset values) and spatial energy distributions is investigated in-depth. The uni-antenna frequency diverse synthesizing method allows the focusing intensity and focusing period of transmitted energy to be flexibly adjustable. The electric intensity of the proposed uni-antenna frequency diverse system has at least 4dB more compared with that in conventional phased array at each special focusing ribbon, which brings a great improvement of SNR in radar detection. This system provides a very promising and potential research and development direction on collaborative detection scheme while integrating phased array technology. With energy compression and focusing in both angle and range dimensions achieved, illustrating that such interference fringes phenomenon of frequency diverse antenna system is more promising and suitable for high performance detection and ranging applications.
I. INTRODUCTION
Radar technology is one of the most amazing inventions of the past century. The characteristics of a typical radar is to detect the distance or/and angle of single or multiple targets. A series of factors, including the transmitted power, receiving sensitivity, external clutter, deterioration of sampling and quantization and many others, greatly affect performance of the detection and ranging, regardless of the pulse compressed or linear frequency coded schemes applied in the radar system. In essence, the impact of all of these factors on the radar system is attributed to the possible improvement or deterioration of the received signal SNR.
Early radar systems typically perform detection by counting and analyzing the number of reflected pulses and their The associate editor coordinating the review of this manuscript and approving it for publication was Amjad Anvari-Moghaddam .
propagation delays [1] - [3] . Nevertheless, such scheme is unable to track multiple targets thus is quite limited in many practical applications. To improve performance of the early radar systems, some advanced techniques have been developed, including the Doppler radar, pulse compressed radar and continuous wave radar [1] . Particularly, to extend the detection range and increase the resolution of azimuth of the target, the well-known phased array radar scheme is proposed, in which phase shifters are added to control the phases of transmitted signals, and eventually to realize beam scanning [2] . Moreover, the electrically controlled scanning technique is utilized in collaboration with the mechanically scanning scheme, realizing the three-dimensional scanning performance, which is capable to track multiple targets simultaneously. However, the conventional phased array radar also owns its limitation since it can only synthesize angledependent beampattern with independent array factor and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ range parameter. Hence, it is hardly to implement joint estimation of the range and azimuth of the target in phased array radar.
To overcome these drawbacks, the frequency diverse array (FDA) radar scheme is recently emerging in 2006 [4] - [7] . The FDA varies the carrier frequency of all array antenna elements with linear offsets to scan the beam. It has been figured out in [4] that as the frequency increments are applied to the array antenna elements, a range-dependent beampattern can be realized synchronously. Consequently, the FDA technology had been investigating widely. In [8] , the characteristic of periodical modulation on the azimuth and range is studied in detail for the FDA, as well as analytic expressions of the range and angle of the target in the FDA system. A low-cost FDA antenna is developed and simulated, demonstrating the scanning speed of FDA can be tuned by the frequency increments of the array [9] . In [10] , the FDA is utilized to improve the resolution of azimuth in the synthesized aperture radar imaging system, in which the frequency diverse is used to enhance size of the synthesized aperture in angle dimension. Afterwards, the discrete spherical sequence is utilized in linear FDA to synthesize range-angle-dependent beampattern, in which the transmitted energy can be focused to the desired spatial area [11] . In [12] , fundamentals of the conventional FDA, including the basic mathematic formulas and typical models are reviewed, as well as a novel synthesizing method to design FDA based on the linear frequency modulated continuous wave radar. In [13] , the transmitted subaperturing for range and angle estimation in FDA radar is investigated. Its essence is dividing the array elements into multiple subarrays, and later optimizing the beam spatial matrix with convex optimization. Recently, the multiple-input multipleoutput (MIMO) radar and FDA are also combined together to realize joint range and angle estimation in [14] - [16] . This joint method takes advantage of the flexibility in range and angle to determine parameters of the targets. In [17] , the pulse scheme and FDA are combined together to design quasistatic transmitted beampattern. However, its derivation is too restricted, thus the FDA will perform like a conventional phased array radar somehow. Fortunately, an effective solution is proposed in [18] to solve the time varying issue of the receiver of FDA, which brings more flexibly in synthesizing the received beampattern.
Nevertheless, as an emerging technology, there are many aspects of FDA that need to be studied. For instance, the farfield spatial energy of the FDA is compressed as anomalous energy focusing ribbons, which performs better detection of targets of large ranges. However, detail information, i.e. the precise estimation of targets on the energy focusing ribbons, is still with uncertainty. Under such circumstance, this work comprehensively studies the width of the periodic energyfocusing area ribbons of the uni-antenna frequency diverse system in spatial domain, particularly the relation between characteristics of the energy focusing and system parameters for the first time in literatures. The periodic spatial energyfocusing phenomenon can enhance the SNR of the reflected wave at specific distance, thus being impressively useful for the far distance detection applications. Such characteristic is promising to be widely used in the accurate accessing of the future wireless communications and the precision detection of radar systems.
This work is organized as below: the energy distribution in spatial domain of the conventional phased array system and FDA, including their advantages and disadvantages, are summarized in Section II. Subsequently, the unique spatial energy compression characteristics and the relationship between various parameters of the uni-antenna frequency diverse system are studied systematically in Section III. Section IV introduces the collaborative energy compression and focusing employing both phased array and frequency diverse antennas, as an example of its potential application. Finally, the paper is ended with conclusions.
II. INSPIRATION OF UNI-ANTENNA FREQUENCY DIVERSE AND CORRESPONDING SPATIAL ENERGY DISTRIBUTION
In the phased array system, all feeding signals of antenna unit can be controlled and tuned flexibly. As shown in Fig. 1 , each antenna element of the phased array system contains an individual controllable phase shifter, so that all antenna elements can operate with different instantaneous phases. As a result, all transmitted waves will converge towards the direction with a horizontal sextant angle of θ, which is also perpendicular to the equiphase plane.
In essence, the phased array system mainly takes full advantages of the coherence interference characteristics of the radiation fields of each antenna element to realize superposition of the electromagnetic fields, and consequently to implement energy focusing in the angular space dimension. Figure 2 shows the typical energy focusing phenomenon in angle dimension of the phased array system with various antenna elements. The energy intensity of the phased array system attenuates in accordance with the relationship of 1/r 2 of a typical spherical wave. Hence, the farther the target away from the transmitting antennas, the lower the energy density is, which is not conducive to the detection of far-distance targets. Recently, the emerging FDA technology provides a preferred solution for high-performance detection application to the radar system. As depicted in [11] and [12] , the FDA produced energy compression in both angular dimension and distance dimension, but unfortunately, due to the limited distribution of the FDA array elements, the energy compression in the two dimensions are coupled to each other and cannot be flexibly adjusted independently. This greatly limits the application of FDA on target detection. Based on this, from the perspective of decoupling, we propose and develop a new structure of the transmitting antenna, which effectively simplifies the structure of the FDA, and realizes the energy focusing compression of the distance dimension by using only one antenna. Figure 3 shows the schematic diagram of the linear symmetric FDA. The superposition of its far-field electric fields can be expressed as:
where
f e (θ, ϕ) denotes the normalized function that accounts for the directional dependence of the elements , electric field [19] ,
Meanwhile, according to the far field trigonometric function approximation, it can be obtained that:
Combining (2), (3), (4), and (5) into (1), it can be captured that:
For the linear symmetrical FDA system sketched in Fig. 3 , Its essence is two sets of antenna arrays symmetrically placed on both sides of the midpoint of the array, along the x-axis. d denotes the distance between adjacent antenna elements. Feeding signals of adjacent antenna elements on each side are with a fixed frequency offset of f and satisfying the coherent relation. We suppose the operating frequency of the antenna element at midpoint is f (N −1)/2 , then the nth antenna element on each side is with operating frequency of f n = f (N −1)/2 + |n-(N-1)/2|· f , where n is an integer and n = 0, 1, 2, . . . , N -1. At the same time, considering the influence of the synthesizer on the emission energy, there is an attenuation of each signal, but because the attenuation affects the spatial energy attenuation, it does not affect the specific distribution of the spatial energy of the original electric field. This paper does not consider the influence of the attenuation of the transmitting end on the far electric field. Then we have following formula from Fig. 3 and formula (6)
· e −jn ψ (7) Figure 4 shows influence on characteristics of the energy superposition and focusing of transmitted waves from VOLUME 7, 2019 FIGURE 5. Schematic diagram of uni-antenna frequency diverse array (UFDA) system. different distance d between adjacent antenna elements. As shown in Fig. 4 , two groups of interference fringes exist in spatial region. These interference fringes denote the positions where energy of the transmitted waves compresses and focuses. According to the fundamental theory of FDA, a linear array with monotonically increasing carrier frequencies can produce a group of energy interference fringes of the transmitted waves. Hence, since the proposed linear symmetrical FDA system contains two arrays with monotonically increasing carrier frequencies and axial symmetry, two groups of interference fringes will be produced. Subsequently, it can be obtained from Fig. 4 that with the decreasing of the distance between adjacent antenna elements, the two interference fringes of spatial energy distribution will shift closer to each other. In the extreme case, as shown in Fig. 4(d) , the distance between adjacent antenna elements decreases to zero. Meanwhile, all antenna element coincides in position, thereby the linear symmetrical antenna array is degenerated into a single antenna, and its transmitted waves will completely compress and focus on one interference fringe. Subsequently, the entire frequency diverse antenna system can be equivalent to the circuit model shown in Fig. 5 .
Since it is a uni-antenna multi-frequency source mode, the array spacing is zero, and above equation becomes
It can be captured from this equivalent circuit model that, as multi-channel coherent signals with a fixed frequency offset synthesized together and fed into a single antenna, the radiation fields of these coherent signals will interfere in range dimension to form strong and weak energy ribbons, implementing energy radiation in range dimension. In order to measure the degree of compression and focusing of the radiant energy at any spatial position, the energy interference focusing gain can be defined, which is specifically expressed as: where P max denotes the largest energy density of energy interference focusing at the measurement position and P min represents the smallest energy density at the measurement position. Note that P max and P min are obtained at the same measurement position but different time.
In addition, the aforementioned energy interference fringes radiate outwards in the form of spherical wave. As these strong-energy-focusing ribbons encounter targets, strong reflection will be produced. This will be significantly useful for the detection of far-range target with weak reflection, since the energy compression and focusing can enhance the SNR of reflected signals in the case of limited transmitted power.
III. SPATIAL ENERGY FOCUSING RIBBONS OF UNI-ANTENNA FREQUENCY DIVERSE SYSTEM
Numerical analyses are carried out to study characteristics of energy focusing ribbons of the coherent frequency diverse antenna system comprehensively. The overall farfield energy distribution in range dimension is shown in Fig. 6 , with 13 interference fringes can be captured in total. These interference fringes represent the spatial areas where transmitted energy focuses. According to the definition of the 3dB-beamwidth, all the width values of energy focusing ribbons are illustrated in Fig. 7 . It can also be concluded that, in the same far-field region, although the transmitted energy losses during radiation and propagation in range dimension, widths of the 3dB-beamwidth energy focusing ribbons in various ranges can approximately be regarded as the same. With this conclusion, it will be much more simply to select any one of the 3dB-beamwidth energy focusing ribbons in range dimension for further investigation. It is unnecessary to study each of the energy focusing ribbons one by one owing to their differences being quite slight.
Subsequently, width of the energy focusing ribbon with variable frequency offsets is investigated. By changing the frequency offset with same number of frequency sources, some energy focusing ribbons of different widths can be obtained, as shown in Fig. 8 . Obviously, the larger the frequency offset of the antenna array is, the narrower the width of energy focusing ribbon is. Figure 9 illustrates the relation between frequency offset and the width of energy ribbon. As is shown, while the frequency offset is less than 100 kHz, the absolute width of the energy focusing ribbon rolls off rapidly with the increasing of frequency offset. Once the frequency offset increases over 100 kHz, the absolute width of the energy focusing ribbon will narrow down much smoothly with the further increasing of frequency offset.
Then, based on the aforementioned analyses, influence from the number of frequency sources on the width of the 3dB-beamwidth energy focusing ribbon is further explored. Most of the simulated parameters are setup as mentioned above, and the frequency offset is fixed as 10 kHz. Later, by changing the number of frequency sources, some simulated results are sketched in Fig. 10 . It can be summarized easily from Fig. 10 that as the number of frequency sources increases from 11 to 81, the width of the 3dB-beamwidth energy focusing ribbon gets narrower and narrower. Meanwhile, the swinging of width of the energy focusing ribbon gets stronger and stronger. The variation of width of the energy focusing ribbon versus the number of frequency sources can be obtained in Fig. 11 . It can be obtained from Fig. 11 that increasing the number of frequency sources within a certain range can effectively improve the effect of spatial energy compression and focusing. However, once the number of frequency sources increases to a certain value, the effect of energy compression and focusing will be little improved. At such situation, the number of frequency sources has reached its saturated value, which means the compression performance will not be improved remarkably even the number of frequency sources increases over this value. Hence, for the coherent frequency diverse antenna systems, more frequency sources don't represent better performance. Therefore, it is supposed to choose a proper number of frequency sources in accordance with the actual situation in practical applications.
With basis of the above analyses, spatial energy distribution in range dimension of the coherent frequency diverse antenna system with variable number of frequency sources are compared, as well as with the case of no frequency offset, i.e., the conventional phased array case. The fixed frequency offset is setup as 20 kHz. First of all, by changing the number of frequency sources, some different spatial energy distribution in range dimension can be captured, as shown in Fig. 12 . Furthermore, by changing the frequency offset to be zero, the coherent frequency diverse antenna system will degenerate to the conventional phased array system. And its spatial energy distribution is sketched in Fig. 12 as well. Obviously, the phased array system is unable to perform the unique spatial energy compression and focusing characteristic in range dimension, since the distribution of its spatial energy intensity attenuates monotonically with the increasing of range. On the contrary, for the coherent frequency diverse antenna system, remarkable spatial energy compression and focusing phenomenon in range dimension can be obtained. Moreover, with the increasing of the number of frequency sources, more electromagnetic energy can be radiated into space, so that the overall spatial energy intensity will increase. In addition, as the number of frequency sources increases, the spatial energy compresses and focuses more and more concentrated, which will reflect signals with stronger SNR.
Thereafter, simulated results in Fig. 12 is further analyzed. Spatial energy intensity of the conventional phased array system at the energy focusing positions are selected as the base of comparison. Spatial energy intensity of the coherent frequency diverse antenna system with variable frequency offsets at the energy focusing positions are later compared with the base, with the comparison results given in Fig. 13 . As can be seen from the figure, at the same focusing position, the energy intensities of the different frequency offset focusing ribbons are almost the same. All the focusing energy intensities of different frequency offsets are basically maintained the same difference compared with the curve with no frequency offset, which is around 3.8 dB. However, the number of pulses at different frequency offsets is different, which is related to the frequency offset. This feature can be utilized to improve target detection accuracy. Figure 14 illustrates the intensities variation of different number of frequency diversity. It shows as the number of frequency diversity increases, focusing energy would increase synchronously, which is mutually confirmed with the results in Fig. 11 . 
IV. POTENTIAL APPLICATION OF SPATIAL ENERGY FOCUSING RIBBONS
In order to show the potential applications of the spatial energy focusing phenomenon presented above, a collaborative detection scheme is proposed by combining the phased array and coherent frequency diverse antenna systems together. Figure 15 sketches a probable schematic of the proposed collaborative detection system. Totally n carrier frequencies with a fixed frequency offset f coming from n different frequency sources are merged together by a combiner. Then, the merged signal is fed into the n-element phased array system for the excitation and radiation of transmitted waves. Thus theoretically, energy focusing in the distance dimension can be achieved by the proposed uni-antenna special energy compression system, and the energy focusing in angular dimension can be achieved by conventional phased array portion in the back end.
Furthermore, to demonstrate the availability of the proposed collaborative detection scheme in Fig. 15 , some numerical simulations are carried out. Figure 16 shows the spatial energy compression and focusing phenomenon of the proposed collaborative detection scheme with variable number of antenna elements. First of all, according to Fig.16 , remarkable energy focusing can be captured in both angle and range dimensions. Hence, unlike the attenuated energy focusing area in phased array system or the energy focusing ribbons in coherent frequency diverse antenna system, the proposed collaborative detection system will produce unique energy focusing spots at specific angle and ranges. Secondly, by comparing Fig. 16(a) and Fig.16(b) , it can be obtained easily that as the number of antenna elements gets larger, the spatial energy focusing spots will squeeze and become tighter in range dimension. On the other hand, in angle dimension, the spatial energy focusing spots nearly keep the size even the number of antenna elements changes heavily. More importantly, since the energy-focusing spots contain both angle and range information, they are more preferred for the accurate positioning, precise detection and wireless energy delivery applications.
V. CONCLUSION
In this paper, based on a new frequency diverse technology (reducing the pitch of the antenna to near-zero), we propose a new energy space compression method. Characteristics of the energy interference fringes, namely the energy compression and focusing ribbons in range dimension of the frequency diverse antenna system is systematically studied. Influences from some key parameters, including various frequency offsets, distance between adjacent antenna elements and number of antenna elements, on the width of the energy focusing ribbons, are discussed in detail. The proposed uniantenna frequency diverse system compresses energy over the range dimension. At each focusing ribbon, the electric field strength has increased by at least 4 dB over the counterpart in phased array system, which provides a great possibility for improving the SNR in radar detection. Based on this technology, integrated with the traditional phased array technology, the distribution of energy in the range and angular dimension can be independently controlled. The proposed UFDA-PA collaborative detection scheme with low-cost range-angular independent beampattern could be applied to several future practical application scenarios including directional modulation communication (physical layer security), precise tracking of unmanned aircraft, small-size target detection, and so on.
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